The 173-base pair proximal promoter of SPRR1A is necessary and sufficient for regulated expression in primary keratinocytes induced to differentiate either by increasing extracellular calcium or by 12-O-tetradecanoylphorbol-13-acetate (TPA) treatment. Whereas calcium-induced expression depends both on an AP-1 and an Ets binding site in this region, responsiveness to TPA resides mainly (but not exclusively) on the Ets element, indicating that Ets factors are important targets for protein kinase C signaling during keratinocyte terminal differentiation. This conclusion is further substantiated by the finding that expression of ESE-1, an Ets transcription factor involved in SPRR regulation, is also induced by TPA, with kinetics similar to SPRR1A. The strict AP-1 requirement in SPRR1A for calcium-induced differentiation is not found for SPRR2A, despite the presence of an identical AP-1 consensus binding site in this gene. Binding site swapping indicates that both the nucleotides flanking the TGAGTCA core sequence and the global promoter context are essential in determining the contribution of AP-1 factors in gene expression during keratinocyte terminal differentiation. In the distal SPRR1A promoter region, a complex arrangement of positive and negative regulatory elements, which are only conditionally needed for promoter activity, are likely involved in gene-specific fine-tuning of the expression of this member of the SPRR gene family.
The epidermis constitutes a dynamic tissue, which provides a natural barrier between the organism and the environment. It is constantly renewed through a process where proliferating keratinocytes leave the basal layer and progressively differentiate as they migrate through suprabasal layers until they reach the surface of the skin and are shed off. During this process keratinocytes undergo distinct morphological and biochemical changes (reviewed in Ref. 1 ) and irreversibly lose their proliferative activity (2) . Little is yet known about the molecular factors and signal transduction pathways governing these changes (3) .
One of the hallmarks of keratinocyte terminal differentiation is the synthesis of the cornified cell envelope (CE), 1 a highly insoluble structure formed beneath the plasma membrane and constituted by specific precursor proteins, which are crosslinked by the action of transglutaminases (reviewed in Refs. 4 and 5) . The expression of the CE precursor proteins involucrin, loricrin, and the various members of the small proline-rich protein (SPRR) gene family is strictly linked to keratinocyte terminal differentiation both in vivo and in vitro (6 -12) . SPRR proteins (other denominations are cornifins or pancornulins) were originally isolated as UV-regulated genes (13) and their function as precursor proteins of the CE, first deduced from sequence homology with involucrin and loricrin (14) , has now been confirmed by biochemical analysis (15) (16) (17) .
The SPRR gene family consists of two SPRR1 genes (SPRR1A and SPRR1B), seven SPRR2 genes (SPRR2A-G), and one gene for SPRR3, all mapping to the epidermal differentiation complex on human chromosome 1q21 (18) , a locus which also contains the genes for involucrin, loricrin, the intermediate filament-associated proteins profilaggrin and trichohyalin and the S100A family of calcium-binding proteins (19 -21 ). An interesting feature of the different members of the SPRR gene family is that their expression is differentially regulated both in vivo and in vitro. For instance, SPRR3 protein is strongly expressed in oral and esophageal epithelium but not in the epidermis (11, 22) . Conversely in normal human epidermis SPRR2 is expressed coherently, whereas SPRR1 is mainly confined to appendageal regions (11) . In sublingual epithelium SPRR3 is found in all suprabasal layers, SPRR1 is confined to the uppermost living layers, and SPRR2 is absent (11) . In psoriatic skin SPRR1 and SPRR2 are strongly increased in contrast to SPRR3 (11, 22) . Furthermore, expression of the different members of the SPRR gene family appears to be differentially affected by carcinogenic transformation (23) . The expression of SPRR genes is also influenced by external factors that are believed to modulate keratinocyte terminal differentiation, such as ultraviolet light (10, 13, 24) , phorbol esters (10, 13, 25) , cigarette smoke (26) , ␥-interferon (12, 27) , retinoids (28, 29) , interleukin-1 (30) , and cyclic AMP (25) . These findings clearly illustrate that the SPRR genes are targeted by many different signaling pathways and regulatory factors, all related to the process of keratinocyte terminal differentiation. In agreement with this notion we have recently shown that expression of the SPRR2A gene is strictly dependent on the concerted action of four different classes of transcription factors that are targeted by different signaling pathways (12) . Here we have analyzed the regulatory elements and corresponding transcription factors involved in the expression of the SPRR1A gene. Interestingly, both similarities and striking differences in regulation are observed between these two members of the same gene family.
MATERIALS AND METHODS
Cell Culture-Primary human keratinocytes were isolated from neonatal foreskin and grown in the presence of a feeder layer of lethally ␥-irradiated mouse 3T3 fibroblasts in a standard medium consisting of a 3:1 mixture of Dulbecco's modified Eagle's medium (DMEM) and Ham's F-12 medium supplemented with 0.4 g/ml hydrocortisone, 1 M isoproterenol, and 5% bovine calf serum (Hyclone). 2-3 days after plating, 10 ng/ml epidermal growth factor was added. For experiments described here, passage 3 cultures were used. Air-exposed cultures of human primary keratinocytes were grown for 11 days at 37°C on a support of de-epidermized dermis essentially as described by Ponec et al. (31) with the only exception that de-epidermized dermis from neonatal pig skin was used.
Immunohistochemistry-Rabbit polyclonal monospecific antibodies directed against SPRR1, SPRR2, and SPRR3 have been described previously (9, 11) . Air-exposed cultures were fixed in 4% paraformaldehyde, dehydrated, and embedded in paraffin. For morphological observations, sections were stained with hematoxylin and eosin. Sections for immunohistochemistry were pretreated for 5 min with 0.5% Triton X-100 and subsequently incubated for 30 min with 2% normal sheep serum to reduce aspecific antibody binding. Sections were incubated for 1 h with a 1:500 dilution of the specific antibody, followed by incubation with a secondary anti-rabbit antibody coupled to alkaline phosphatase. Enzyme detection was performed by using the AP color reagents of Bio-Rad.
Transient Transfections and CAT Assay-Transient transfections and the stratification assay were previously described in detail elsewhere (12) . Shortly, confluent cultures of keratinocytes, grown in standard medium, were changed for 2 days to DMEM without calcium supplemented with 5% Chelex-treated serum (DMEM Ϫ calcium). After discarding the suprabasal differentiated cells (stripping), the remaining monolayers were incubated with 5 g of CAT reporter plasmid and 25 g of N- [1-(2,3-dioleoyloxy) propyl]-N,N,N-trimethylammonium methyl sulfate, transfection reagent exactly as described previously. Cells were then either maintained in fresh DMEM Ϫ calcium or induced to stratify for 40 h in DMEM containing 5% serum but lacking growth factors (DMEM ϩ calcium, 1.8 mM calcium). For TPA induction, transfected monolayers were first maintained for 16 h in DMEM Ϫ calcium and subsequently incubated for 24 h in fresh DMEM Ϫ calcium containing either 20 ng/ml TPA or no TPA. Cell lysates were prepared as described by Gorman et al. (32) , and CAT activity was measured by fluor diffusion CAT assay (33) using Econofluor II premixed scintillation fluid (NEN Research Products) and [ 14 C]acetyl-coenzyme A (Amersham Pharmacia Biotech) as specified by NEN Research Products. Results are expressed as counts/min transferred to the organic solvent phase per min of reaction time in the linear range of the reaction.
Internal Controls in Transfection Experiments-In experiments where different 5Ј deletion or mutant SPRR1A promoter constructs were compared, pSG2-luc plasmid (12) , which contains the promoter of the related SPRR2A gene fused to the luciferase gene, was used as an internal control. 1 g of luciferase and 4 g of CAT plasmid were co-transfected, and the same cells were used for both CAT and luciferase assays, with the only difference that the aliquot used for luciferase detection was not heat-treated. The luciferase activity was determined in a Berthold Lumat luminometer by using the Promega luciferase assay system. Internal controls are, however, not absolutely necessary as corrections made by taking into account the internal control did not significantly change the outcome of the experiments.
RNA Isolation, Northern Blotting, and RT-PCR Analysis-Total RNA isolation from cultured keratinocytes and squamous cell carcinoma (SCC) cell lines and Northern blotting were performed as described previously (23) . Hybridization with specific probes was according to Gibbs et al. (10) . For RT-PCR, 4 g of total RNA were reversetranscribed with avian myoblastosis virus reverse transcriptase (HT Biotechnology Ltd.) and random hexamer primers (Amersham Pharmacia Biotech). 5% of this reaction mixture was amplified by PCR for 33 cycles, including 1-min steps of 94, 56, and 72°C, respectively. Primers used for SPRR1A were 5Ј-ACACAGCCCATTCTGCTCCG and 5Ј-TG-CAAAGGAGCGATTATGATT and for SPRR1B 5Ј-ATACAGAGTATTC-CTCTCT and 5Ј-TCTCTTCAGTGAATTCTGAG. These primers generate DNA fragments of 453 and 537 bp for SPRR1A and SPRR1B, respectively.
DNA Manipulations and Plasmid Generation-All plasmids used for transfections were isolated on Qiagen columns from Escherichia coli strain DH5␣. pSG227 and pSG293 were constructed by introducing respectively 2000 or 4100 base pairs preceding the SPRR1A translational start site from the genomic spr1A clone (18) in front of the CAT gene of plasmid pBLCAT5. pBLCAT5 is derived from pBLCAT3 (34) by deleting vector sequences between the EcoO109I and NdeI sites (provided by Dr. R. Offringa, Leiden). The plasmids contain the entire SPRR1A intron, the first noncoding exon and, respectively, 844 (pSG227) and approximately 3000 (PSG293) base pairs of promoter sequence. pSG233 was created by deleting sequences between the PstI site (Ϫ844) and a Bsp120-I site (Ϫ448). In pSG234 a PstI-HpaI fragment was deleted. All other promoter deletion clones were derived from pSG227 and generated by exonuclease III digestion. Point mutations were generated in pBluescript vectors (Stratagene) by the method of Kunkel (35) , after which the mutant inserts were reintroduced into the CAT reporter plasmid. All deletions and mutations were confirmed by DNA sequencing. A human keratinocyte specific cDNA library was screened with a mixture of Ets domain specific probes, derived from ets-2, PU.1, and net (provided by Dr. B. Wasylyk, Strasbourg). One clone (A12) was identical to the reported ESE-1b clone (37) , and an Nterminal BamHI fragment was used as the ESE-1-specific clone. Clone B8 corresponded to the Ets-2 transcription factor. From this clone an N-terminal SacI fragment served as an Ets-2-specific probe.
Nuclear Extracts and Electrophoretic Mobility Shift Assays (EMSA)-Nuclear extracts (36) were prepared from keratinocytes grown to confluence in standard medium (mixed population of proliferating and differentiating cells), from proliferating cells growing in KSFM medium (Life Technologies, Inc.), or from stripped cells induced to differentiate by the addition of 1.8 mM calcium medium (stratification assay). EMSA with the AP-1 binding site were performed in a total volume of 20 l with 3 g of nuclear extract in 10 mM HEPES buffer, pH 7.9, 60 mM KCl, 1 mM dithiothreitol, 0.5 mM EDTA, 4% Ficoll 400, 1 mM phenylmethylsulfonyl fluoride in the presence of 2 g of poly(dI-dC) and 20 fmol of 32 P-endlabeled double-stranded oligonucleotide. After 30 min of incubation at room temperature, the mixture was subjected to electrophoresis on a 4% polyacrylamide gel in 22.5 mM Tris borate (pH 7.9), 0.625 mM EDTA, and 2% glycerol for 90 min at 10 V/cm. For supershift analysis 3 g of nuclear extracts were preincubated with 2 l of specific antibody for 2 h at 4°C and subsequently processed as described above. Ets-binding proteins were assayed in a 20-l volume using 5 g of nuclear extract in 20 mM Tris-HCl (pH 6.8), 50 mM NaCl, 1 mM dithiothreitol, 20% glycerol, 0.2 mM EDTA, 0.25 mg/ml bovine serum albumin, 1 g of poly(dI-dC), and 20 fmol of end-labeled double-stranded oligonucleotide. After 30 min of incubation at room temperature, the mixture was subjected to electrophoresis on a 6% polyacrylamide gel, in 25 mM Tris, 190 mM glycine, 1 mM EDTA, 2.5% glycerol gel for 90 min at 10 V/cm.
Oligonucleotides were labeled with T4 polynucleotide kinase, purified by denaturing gel electrophoresis and reverse-phase chromatography, and subsequently annealed to the unlabeled complementary strand. The following oligonucleotides were used (only one strand is shown and the core binding site is underlined): AP-1, GTAGTGTGAGT-CATGTGTG; (m)AP-1, GGTAGTGTGAAGCTTGTGTGACAG; AP-1(2A), CTTCTGTGAGTCAGGAGAGC; AP-1(3), GGACAGTGAGTCAGGCCC-AG; Ets-87, CAGGTGAGGAATGAAAAC; Ets-55, CTTCTATTTCCTT-GAGGC; (m)Ets-55, AGAGCTTCTAGAGCCTTGAGGCA; Ets(2A), GGGTAGTTTCACTTCCTGCTG.
The following rabbit polyclonal antibodies were purchased from Santa Cruz Biotechnology (Transcruz Gel Supershift reagents): c-Jun (sc-45), Jun-B (sc-46), Jun-D (sc-74), c-Fos (sc-52), Fos-B (sc-48), Fra-1 (sc-605), and Fra-2 (sc-604). The specificity of these antibodies has previously been demonstrated in human skin (68) , and their use in supershift analysis of nuclear extracts from human keratinocytes has been documented (47) .
RESULTS

Differential Expression of SPRR1, SPRR2
, and SPRR3 Proteins and Transcripts-When primary human keratinocytes are seeded onto de-epidermized dermis, a fully differentiating epidermis is formed approximately 1 week after lifting the cultures to the air-liquid interface. The stratified tissue, which is generated, resembles in many aspects living epidermis (31) . Immunohistochemistry revealed that in this organotypic culture system SPRR3 is not expressed (Fig. 1d) , which is in concordance with earlier in vivo observations in human epider-mis (11). SPRR1 was detected in both spinous and granular layers (Fig. 1b) , whereas SPRR2 expression was restricted to the granular layer (Fig. 1c) . These results indicate that during the process of terminal differentiation SPRR1 is expressed at earlier stages than SPRR2. In submerged keratinocyte cultures, SPRR1 and SPRR2 transcripts are induced by calcium with different kinetics and efficiency (23) . Similar differences between SPRR1 and SPRR2 transcript levels were also found after treating submerged cultures with TPA ( dium (1.8 mM calcium). Identical expression levels were measured for each one of the three promoter constructs (Fig. 3A) . Similar results were also obtained for TPA induction (Fig. 3B) . Apparently the shortest promoter construct (pSG237), with 173 bp of upstream sequence, contains all regulatory elements necessary for calcium-and TPA-regulated expression.
Functional AP-1 and Ets Binding Sites in the Proximal SPRR1A Promoter-Analysis of the 173-bp long proximal promoter region revealed a putative recognition site for the AP-1 family of transcription factors (5Ј-TGAGTCA-3Ј at position Ϫ108) and two potential Ets factor binding sites (5Ј-AGGAA-3Ј at position Ϫ87 and 5Ј-TTCCT-3Ј at position Ϫ55). Specific point mutations in each one of these elements had a clear inhibitory effect on promoter activity in the calcium-induced differentiation assay (Fig. 4A) . Mutations in the AP-1 and Ets55 binding sites resulted in a complete inhibition of induced expression, which did not significantly exceed the level of the uninduced wild-type control (ϪCa). Conversely, a mutation in the Ets87 site resulted only in partial (approximately 30%) inhibition of SPRR1A expression. The same mutants were also assayed for TPA induction (Fig. 4B) . Here only the Ets55 mutation (pSG289) resulted in a complete loss of TPA inducibility, whereas both the AP-1 (pSG287) and the Ets87 mutant (pSG288) constructs were still inducible, although to a lesser extent (approximately 66% residual activity).
Identification of an Ets Binding Activity in Keratinocyte Nuclear Extracts-EMSAs were used to identify nuclear factors interacting with the two putative Ets elements found in the proximal SPRR1A promoter. Incubation of keratinocyte nuclear extracts with the double-stranded Ets55 probe generated two retarded bands (Fig. 5, lane 1) . Competition with increasing amounts of unlabeled Ets55 DNA revealed that only the lower band is specific (lanes 2-4) . A similar competition (lanes 11-13) is also observed with the Ets binding site of the SPRR2A promoter (12), which has previously been shown to be recognized by the epithelial specific Ets transcription factor ESE-1 (37), implying that both sites may be recognized by the same binding activity. No competition is found with the mutant Ets55 binding site (lanes 5-7), indicating that loss of factor binding is responsible for the loss of promoter activity in construct pSG289. Interestingly, no competition was found with the second Ets binding site (lanes 8 -10) , suggesting that Ets87 is a much weaker binding site, a situation which is not uncommon for the Ets family of transcription factors (38) . Weaker binding might explain the fact that mutations in this site result only in a partial inhibition of promoter activity (Fig. 4) .
ESE-1 Transcription Is Induced by TPA and
Correlates with SPRR1A Expression-The experiments described in Fig. 4B indicated that the Ets55 binding site is essential for TPA induction of the SPRR1A gene. The epithelial specific transcription factor ESE-1, which binds to the Ets site in the SPRR2A promoter and whose expression is strongly increased at the RNA level during calcium induced keratinocyte terminal differentiation (37) , is also a good candidate to bind to the Ets site in SPRR1A (as suggested by the competition experiments of Fig. 5 ) and to be involved in the regulation of this gene following TPA treatment. The results presented in Fig. 6 show that RNA levels of ESE-1 are indeed increased after TPA treatment in a pattern similar to, but slightly preceding the expression of the SPRR1A gene (compare panels a and b). This regulation appears to be specific for ESE-1 as it is not observed for the related Ets-2 transcriptional activator (Fig. 6, panel c) .
Characterization of the AP-1 Element in SPRR1A-In an EMSA with keratinocyte nuclear extracts and the putative AP-1 binding site at position Ϫ108 one specific complex was observed (Fig. 7, lanes 2-6) . No competition was observed with the mutant site (lanes 7-10). A much weaker competition was observed with the AP-1 binding site of the SPRR2A promoter (10) (lanes 11-14) , suggesting that this gene contains a low affinity AP-1 binding site (see below). When a monolayer of basal keratinocytes is induced to differentiate by increasing the extracellular concentration of calcium (stratification assay), FIG. 4 . Involvement of AP-1 and Ets binding sites in the regulation of the SPRR1A promoter. Stripped monolayers of primary keratinocytes were transfected with the control plasmid pBLCAT5, the wild type Ϫ844 construct (pSG227) or with specific mutants of the Ets55, the Ets87, and the AP -1 binding sites (respectively pSG289, pSG288, and pSG287) . All mutants were constructed in the background of the Ϫ844 promoter region. Calcium (panel A) and TPA (panel B) induction were assayed as described in the legend to Fig. 3 . Results represent the mean of at least three independent experiments. the AP-1 binding activity gradually decreases (Fig. 8A) , whereas no change in binding of the ubiquitous Oct-1 POU factor to the SPRR2A (single) octamer site (12) is observed (Fig.  8B ). This decrease in AP-1 binding activity has been ascribed to an inhibitory activity present in differentiating cells (40) . AP-1 transcription factors recognizing the TGAGTCA type of binding site are composed of homodimers of the Jun (c-Jun, JunB, and JunD) or heterodimers of the Jun and Fos (c-Fos, FosB, Fra-1, and Fra-2) members of the bZIP (basic region leucine zipper) protein family (39) . In order to identify possible differences in AP-1 complex composition between proliferating and differentiating keratinocytes, EMSA reaction mixtures were incubated with antibodies directed against the various AP-1 components (supershift assay). In Fig. 9, lanes 1-8 , nuclear extracts isolated from proliferating cells were assayed, whereas lanes 9 -16 contain nuclear extracts derived from a mixed population of proliferating and differentiating keratinocytes. From this analysis it appears that the relative distribution of AP-1 factors, able to interact with an isolated binding site, does not drastically change during keratinocyte terminal differentiation, with the exception that the relative amount of JunB is increased in differentiating keratinocytes as compared with JunD (compare lanes 11 and 12 to lanes 3 and 4) . For c-Jun no supershift is observed, but the antibody inhibits complex formation (compare lanes 1 and 9 with lanes 2 and 10, respectively). We have previously shown that both cellular protein and transcript levels of c-Jun decrease during keratinocyte terminal differentiation (41) . The FosB antibody does not seem to affect the AP-1 complex bound to the SPRR1A site (lanes 6 and 14) .
The Contribution of AP-1 Binding Sites to Gene Regulation during Keratinocyte Differentiation Is Determined by the Promoter Context-The results described above (Fig. 4) indicate that the AP-1 binding site at position Ϫ108 in the SPRR1A promoter is essential for expression of this gene during calcium-induced differentiation. A similar requirement for a proximal AP-1 binding site is also found in the related SPRR3 gene   FIG. 6 . Induction of ESE-1 transcript levels by TPA. The same blot as described in Fig. 2 1-8) or from a mixed population of proliferating and differentiating keratinocytes grown in standard medium (lanes 9 -16), were preincubated with specific antibodies directed against the different members of the Fos/Jun family of transcription factors and subsequently incubated with 20 fmol of labeled AP-1 oligonucleotide and processed as described under "Materials and Methods." Lanes 1 and 9, no antibody added (negative controls); lanes 2-8 and 10 -16, preincubation with antibodies directed against respectively c-Jun, JunB, JunD, c-Fos, FosB, Fra-1, and Fra-2. The AP-1 complex (arrowhead) and the supershifted complexes (SS) are indicated. (18) . 2 However, we have shown previously that the AP-1 binding site in SPRR2A, which is found at position Ϫ200 and has exactly the same TGAGTCA core sequence as the SPRR1A and SPRR3 sites, is not involved in the regulation of this gene when keratinocyte terminal differentiation is assayed under identical experimental conditions (12) . The results represented in Fig. 7 suggested that the SPRR2A element is a weak AP-1 binding site. In order to confirm this observation we have performed equilibrium competition experiments, where the effects of competing (unlabeled) SPRR1A, SPRR2A, and SPRR3 oligonucleotides on the equilibrium concentration of labeled SPRR1A oligonucleotide/AP-1 complexes were studied. These experiments allowed to determine for each of the competing DNA molecules an apparent equilibrium dissociation constant (42) . The sequence of the various oligonucleotides and the results of this analysis are represented in Table I . The SPRR2A binding site has a 50-fold weaker affinity for the AP-1 complex as compared with the SPRR1A site; the affinity of AP-1 for the SPRR3 site is 6 times weaker than for the SPRR1A site. These results show that the 6 -7 base pairs of flanking sequence on each side of the TGAGTCA core sequence have drastic effects on AP-1 binding, an observation which is in agreement with earlier studies, which have suggested that these sequences are involved in stabilizing the AP-1 protein-DNA complexes (43) . In order to analyze whether weak binding to the SPRR2A site is indeed the main reason why this site does not contribute to the expression of this gene during keratinocyte terminal differentiation, we have swapped the respective AP-1 binding sites between the SPRR1A and SPRR2A promoter regions (Fig. 10) by changing the sequence of the 6 bases flanking the conserved TGAGTCA core sequence. The exact residues that have been swapped are indicated in Table I . Changing the SPRR1A high affinity site into a low affinity SPRR2A site had a clear inhibiting effect on SPRR1A promoter activity (Fig. 10, compare  pSG227 with pSG333) ; however, surprisingly, no effect was observed when the SPRR2A site was changed into a high affinity SPRR1A site (compare ID-4 with pSG329). These experiments indicate that, besides binding affinity, also the position of the recognition sequence in the context of its natural promoter is of prime importance in determining the contribution of this binding site to transcriptional regulation.
SPRR1A and SPRR1B Are Differentially Regulated-The results described above indicate that a proximal promoter region, which contains functional AP-1 and Ets transcription factor binding sites, is sufficient for SPRR1A expression during calcium induced stratification and after TPA treatment. Similarly, in the case of the related SPRR2A gene, the corresponding region is sufficient for the expression of this gene during keratinocyte terminal differentiation (12) . In Fig. 11A the sequences of the SPRR1A, SPRR1B (44) , and SPRR2A minimal promoter regions are compared. Whereas the Ets55 site is present at the same position in all three genes, the AP-1 and Ets87 sites are only conserved in the two SPRR1 genes. As a matter of fact the Oct-11 binding site of SPRR2A, which is essential for the expression of this gene during keratinocyte terminal differentiation (12) , is found at exactly the same position relative to the TATA box as the AP-1 sites in SPRR1A and SPRR1B. Previous work has established that the AP-1 site in SPRR1B is important for both basal and induced expression of this gene in cultured human tracheobronchial epithelium cells (44) . The comparison in Fig. 11A shows that the proximal promoter regions of SPRR1A and SPRR1B are strongly conserved; these regions are 69% identical (open and filled boxes) as compared with a 41% identity between each of the two SPRR1 genes and SPRR2A (filled boxes). Although this comparison might suggest similar regulation of the two SPRR1 genes, the experiment of Fig. 11B clearly shows that both genes are differentially regulated. We have previously shown that the expression of the different classes of SPRR genes is strongly down-regulated in cell lines derived from SCC and that the a Retarded complexes were separated as described in Fig. 7 , quantified by using a Betascope 603 analyzer and plotted by using nonlinear regression and a built-in equation, describing one phase exponential decay, from the Prism ™ software package (Graphpad). From these curves the excess of competitor needed for 50% inhibition of AP-1/SPRR1A complex formation was deduced. These values are proportional to the apparent equilibrium dissociation constant (42) , which are represented relative to (self-) competition by the SPRR1A oligonucleotide (set at 1). Residues, which have been exchanged in the swapping experiment of Fig. 10 , are underlined. The AP-1 core sequence is in boldface.
FIG. 10. Promoter context and AP-1 transcriptional activity.
Stripped monolayers of primary keratinocytes were transfected with the following CAT reporter constructs: pSG227 contains 844 base pairs of wild-type SPRR1A promoter sequence; pSG333 contains the same SPRR1A promoter region in which the high affinity AP-1 binding site (19-bp region) was replaced by the low affinity binding site of the SPRR2A promoter; ID-4 contains 210 base pairs of the wild-type SPRR2A promoter; pSG329 contains the same SPRR2A promoter fragment, but in which the low affinity AP-1 binding site was replaced by the high affinity binding site of the SPRR1A promoter. The exact residues which have been exchanged are indicated in Table I . Transfected cells were induced to differentiate by transfer to DMEM ϩ calcium medium. CAT lysates were prepared 40 h after transfection, and CAT reporter gene activity was determined as described under "Material and Methods." Results are represented as percent activity relative to the two wild-type constructs (ID-4 and pSG227) which were set at 100%. The absolute promoter activity of SPRR2A is approximately 75% of the SPRR1A activity.
residual SPRR expression is both gene-and cell line-specific (23) . In the experiment of Fig. 11B we have isolated total RNA from normal keratinocytes (lanes 9) or from five different SCC cell lines (lanes 1-8) grown under identical culture conditions (23) . These RNA samples were analyzed by RT-PCR, in order to compare SPRR1A and SPRR1B expression. Whereas SPRR1A expression (left panel) is not detected in four out of five SCC cell lines (the only exception being SCC15, lane 7), the expression of SPRR1B (right panel) in SCC lines is much less decreased compared with the normal cells, suggesting that both genes are under the control of different signaling pathways that are differentially affected by carcinogenic transformation. As the proximal promoter regions of the two SPRR1 genes are strongly conserved, it is likely that the observed differences in gene regulation rely on more distal promoter elements that might modulate the expression of the SPRR1A promoter without being absolutely necessary for expression (see above).
Identification of a Distal Promoter Region That Is Only Conditionally Needed for Promoter Activity-As a first approach to identify distal promoter elements, we have analyzed the Ϫ844 to Ϫ173 region by deletion mapping. Promoter activity was measured in keratinocyte monolayers induced to stratify and terminally differentiate by the addition of standard calcium medium. Although the shortest (Ϫ173) construct is as active as the longest construct (Ϫ844), increasing intermediate deletions reveal a complex pattern of alternating loss and consecutive partial or complete restoration of promoter activity (Fig. 12A) . Such a pattern suggests the presence of inter-related positive and negative regulatory elements. Inspection of the sequences deleted in the different constructs (Fig. 12B) does not reveal possible candidate binding sites for regulating factors. Consequently more work will be needed to unravel the mechanism of this peculiar regulation.
DISCUSSION
Maturation of the human epidermis requires a strictly regulated differentiation program that culminates with the formation of the cornified cell envelope. Among all CE precursors, the SPRR genes appear to be particular for several reasons. First, they constitute a multigene family encompassing at least 10 different genes (18) , differential regulation results in a highly regional expression pattern (11, 45) , and finally their expression is modulated by external stress, inflammation, and during wound healing. This diversity in genes and regulation is likely related to the necessity to change the physical and mechanical properties of cornified envelopes, either because of physiological or accidental reasons (12, 45) . Although this plethora of expression patterns is probably governed for a large part by developmental and regional variations in tissue-specific transcription factors (46), differential regulation of SPRR genes has also been observed in in vitro cultured keratinocytes (18, 11, 23 ) (see Figs. 1 and 2) . Consequently, promoter analysis of the different SPRR genes in cultured keratinocytes should reveal at least part of the molecular processes responsible for the diversity in expression patterns, which is characteristic for this gene-family. In this communication we have focused on the promoter of the human SPRR1A gene.
Proximal and Distal Promoter Elements-A proximal promoter fragment of 173 base pairs is essential and sufficient for SPRR1A promoter activity in keratinocytes induced to stratify and differentiate by an increase in extracellular calcium or after TPA treatment. In this respect the SPRR1A promoter resembles the SPRR2A promoter, where calcium or suspension induced expression relies totally on a 134-bp minimal promoter (12) . Similarly, epidermal cell-specific expression of the human profilaggrin gene was confined to a proximal (Ϫ78/ϩ9) promoter fragment (47) . The situation is different for involucrin (48 -50), loricrin (51) , and the SPRR3 gene, 3 where differentiation-specific expression relies both on proximal and distal promoter elements. In the case of the human transglutaminase 3 gene, the distal promoter region seems to contain negatively acting elements that cannot be overcome by sequences extending up to position Ϫ3050 (52). Apparently, different mechanisms have evolved for the regulation and fine-tuning of gene expression during squamous differentiation. The analysis of Fig. 12 indicates that the SPRR1A distal promoter region contains at least three negatively acting control elements, which seem to be strictly controlled by near upstream sequences. The control region and negative element are interlinked as progressive 5Ј deletions result in a gradual inhibition and restitution of promoter activity. Dependence of a repressor site on an upstream sequence within a natural promoter context is typical for the Yin/Yang-1 transcriptional regulators (53) and has previously been observed in the promoter (URR) of papillomavirus type 18 (54) . Interestingly, the HPV-18 URR has recently been shown to direct gene expression to the differentiated layers of stratified epithelia (55) . Similarly, a Yin/Yang-1 binding site, which constitutes a transcriptional repressor, has recently been identified in the distal involucrin promoter (50) . Although it is not yet clear whether a similar mechanism operates in SPRR1A (simple inspection of the sequence does not permit the identification of putative regulatory elements), a more detailed analysis of the SPRR1A distal promoter, which is only poorly conserved in SPRR1B (37% identity), might be interesting, because the repressor sites, which we have identified in this region, are good candidates for mediating the specific low expression of this gene in SCC cell lines (Fig. 11B) . From an evolutionary point of view, the high conservation (69% identity) of the proximal promoters of SPRR1A and 1B suggests that this region constitutes the ancestral SPRR1 promoter. This promoter region has clearly diverged from the SPRR2A proximal promoter, for instance by the loss of the ISRE or the replacement of the octamer site by an AP-1 site (Fig. 11A) . The addition in SPRR1A of distal regulatory elements, which are not absolutely needed for expression, but which are apparently able to specifically modulate gene expression under certain physiological conditions, seems to be at least one of the mechanisms by which diversity in expression has been created in the SPRR gene family. In the case of the SPRR1A and SPRR1B genes the observed differences in regulation are surprising, as the proteins which are coded by these two genes are very similar (92% identity). It is conceivable that subtle differences in the structure of a specific precursor molecule can be emphasized by the cross-linking reaction and result in clear changes in the physical and mechanical properties of the stratum corneum in a given tissue. On the other hand, the duplication of this subset of genes and the issuing regulatory divergence might solely have served to enlarge the repertoire of SPRR1 gene-specific expression patterns.
Ets and AP-1 Binding Sites in the Proximal SPRR1A Pro-
12. Deletion analysis of the distal SPRR1A promoter region. A, SPRR1A-CAT reporter fusion constructs with increasing upstream promoter deletions were transfected into keratinocytes and the cells were subsequently induced to differentiate by transfer to medium containing 1.8 mM calcium (ϩCa) or maintained in medium lacking calcium (ϪCa) as described under "Materials and Methods." CAT lysates were prepared 40 h after transfection, and CAT reporter gene activity was determined as described under "Materials and Methods." Results are the mean of at least three independent experiments. pSG2-luc (12) , which contains the SPRR2A promoter fused to the luciferase reporter gene, was used as an internal control in the (ϩCa) samples (see "Materials and Methods"). B, the nucleotide sequence of the 844 base pairs upstream of the transcriptional start site (ϩ1) of SPRR1A is represented. TATA box and binding sites for AP-1 and Ets transcription factors are in boldface and underlined. The 5Ј end of the various promoter deletion constructs is indicated (Ͼ). The start of the SPRR1A intron (lowercase letters) at position ϩ46 is indicated (Ͼ Ͼ).
moter-The activity of the proximal SPRR1A promoter relies on both Ets and AP-1 binding sites. The Ets binding site at position Ϫ55 is essential for both calcium-and TPA-induced expression of this gene. On the contrary, the AP-1 site is absolutely required for calcium induction but seems to be only partially involved in TPA induction of this gene. Although both calcium and TPA activate keratinocyte terminal differentiation, differences in the effects of these mediators on cellular signaling pathways have been observed previously. For instance, calcium and TPA have differential effects on the activation of protein kinase C isozymes (56, 57) , which might for instance influence the composition of AP-1 complexes. As a matter of fact, differences in AP-1 factors between calcium-and TPA-treated cells have recently been observed in mouse keratinocytes (58) . Furthermore, Ets and AP-1 binding sites have been shown to cooperate by synergistic processes. This is especially obvious in the regulation of metalloproteinases and their inhibitors (reviewed in Borden and Heller (59)). Consequently, it is possible that Ets binding has a direct influence on the composition of the AP-1 binding activity in the SPRR1A promoter. This effect could be more or less pronounced, depending on the availability of the various AP-1 factors and/or on quantitative or qualitative changes in the Ets binding activity. More research will be needed to identify a direct interplay between these two classes of transcriptional regulators in the context of gene regulation during keratinocyte terminal differentiation.
ESE-1 and SPRR1A Regulation-The Ets55 site is essential for both calcium and TPA induction of SPRR1A. Interestingly, this site is conserved at the same location in the SPRR1A, 1B, and 2A promoters and has recently been shown to be recognized (in the case of SPRR2A) by the epithelial specific Ets transcription factor ESE-1 (37) . Similar binding affinities of the Ets protein, detected in our experiments, for both the SPRR1A and SPRR2A binding sites (Fig. 5) , and comigration of these endogenous complexes with a complex containing in vitro translated ESE-1 (data not shown), strongly suggests that also the SPRR1A binding site is recognized by the ESE-1 transcription factor. An involvement of ESE-1 in SPRR1A regulation is further substantiated by the observation that after TPA treatment ESE-1 transcript levels are induced in a pattern similar to, but slightly preceding those of SPRR1A (Fig. 6) . A similar time lag in expression patterns between transcription factor and target gene has previously been observed for AP-2 and basal keratin genes (60) . Furthermore, induction of ESE-1 transcripts has also been demonstrated after calcium treatment of human keratinocytes (37) . Functional Ets binding sites are present in two other keratinocyte terminal differentiation genes, transglutaminase 3 and profilaggrin (47, 52) and an involvement of ESE-1 in the regulation of these genes has recently also been documented (61) .
AP-1 Binding Sites and Promoter Context-The most striking difference between SPRR1A and SPRR2A gene regulation, which we have identified in the present study, resides in the absolute requirement of an AP-1 binding site for SPRR1A expression during calcium-induced keratinocyte differentiation, whereas, under identical experimental conditions, the AP-1 binding site in the SPRR2A gene does not contribute to promoter activity (12) . Supershift experiments with specific antibodies have indicated that in proliferating keratinocytes most AP-1 factors bind efficiently to the SPRR1A sequence. In differentiating cells, the relative proportion of JunB appears to be increased relative to JunD, whereas the relative proportion of other AP-1 factors within the specific complex is not significantly changed (Fig. 8) . In the case of the involucrin gene, the JunB, JunD, and Fra-1 proteins were identified as major binding activities (48) . During suspension-induced differentiation of human keratinocytes in methylcellulose, increased JunB and Fra-2 transcript levels correlate with the onset of terminal differentiation (62) . Similar differentiation-related changes in JunB and Fra-2 proteins were recently reported in mouse skin (63) . However, in a number of in vivo studies, different expression patterns of AP-1 factors have been obtained, resulting in a complicated and often contradictory literature (recently reviewed in Eckert and Welter (64) ). It has been suggested that these discrepancies could at least in part be due to possible developmental and regional variations in AP-1 protein expression patterns (46) . Such variations have indeed recently been described for FosB and Fra-2 proteins (65, 66) . Local changes in the cellular content of AP-1 factors could thus be responsible for the diversity in expression of the different SPRR genes, which are also subjected to regional variations. However, the present analysis indicates that availability of a given set of AP-1 factors cannot be the only reason for differential expression of SPRR genes, as we have shown that, in an identical cellular background and under identical experimental conditions, AP-1 factors are essential for SPRR1A expression, but do not contribute to SPRR2A transcription. This difference is not due to the presence of a low affinity binding site in SPRR2A, as replacement of this site by the SPRR1A site does not influence SPRR2A expression (Fig. 10 ). In addition, this experiment strongly suggests that neither the core binding site nor the 6 -7 flanking residues on each side of the core are able to direct the assembly of a site-specific AP-1 complex, which would be responsible for the differences seen in SPRR1A and SPRR2A regulation. Consequently, comparing the composition of AP-1 complexes bound to the isolated SPRR1A or SPRR2A sites (see Table I ), is unlikely to uncover the molecular factors responsible for the differential requirement of these sites for SPRR1A and SPRR2A expression. As a matter of fact, the isolated SPRR2A site is bound by a very similar set of AP-1 factors (data not shown). Apparently, the SPRR2A site is in a promoter context which either does not favor binding of AP-1 factors to their target sequence, or it does not allow contribution of bound Jun/Fos proteins in gene expression, at least not in the experimental setup used to measure SPRR expression. As SPRR2A is expressed at later stages during keratinocyte terminal differentiation than SPRR1A (Fig. 1) , it is conceivable that late during this process conditions are created that are more favorable for a contribution of the Jun/Fos factors in SPRR2A expression. It should be clear that processes occurring at late stages of keratinocyte terminal differentiation might be difficult to measure in transient transfection assays.
Overall our analysis highlights the importance of the natural promoter context when studying AP-1-mediated gene expression and suggests that the contribution of the various AP-1 binding factors to promoter activity might be determined for a major part by the promoter context (e.g. surrounding binding sites for other transcription factors) rather than by the AP-1 binding site itself. The recent finding that the AP-1 binding site of SPRR1B (see Fig. 11 ), when placed in the context of a minimal TK promoter, acts as a transcriptional repressor after calcium stimulation (58) , whereas the corresponding site in SPRR1A functions as a transcriptional enhancer (this study), underlines this view. Consequently, in the future methods will need to be developed, which will permit the structural and functional analysis of specific transcription factors within large nucleoprotein complexes that are likely to cover extended parts of eukaryotic promoters (67) .
